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Baotrto anacay vtocaaa 4avloaa* 

@ Thia Invention ralctaa to noval type alactrochamlcal 
davicaa auch aa capadtora or batteriea. among othar da- 
vlcet. wtilch have high capacitanca or power to voIuhm or 
weight rattoa. or which have other valuable charactertatlca. 
and which are characlerUad by the practical uaa of one or 
mora phenomena. Including paeudocapacltance, "kinetic 
reveralbllity" (paaaage of approximately equal and aubatan- 
tlal charge or diacharge currenta at at>out the aame cat*). 
**coulomblc reverBibillty'* (paaaage of aubatanUalty aqtkl 
numbers of coulombs in the charging and dlachari^tng.of the 
device), dlatlngulahable energy sutea of electrbdapoatted 
apecles on aurtacea. creation of aurface layers, elactro- 
chromlc effecta, negative differential realatance. and fre- 
quency multiplying effects which occur durir>g, or aa a result 
of. the formation or modification of an e l e cti odepoaHed 
layer or tayera on. or aeparation of chargea In double layers 
in. one or more electrodea and/or as a result of the reac- 
tion's) occurring between electrode and electrolyte. 
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ELECTRIC ENERGY STORAGE DEVICES 

BACKGROWro OF THE INVENTlbtf T ' 
The history biE.electrochiralcar devices. 



especiallsr^capacltors-^^ has Involved ;att'enq>ts ; 

5 to reduce^the tlse^r including both We voluae* and : 

to increase the electrical energy etqrig capacity, while ^ 
at the same tine; increasing the yollb^ 
electric breakdown. The occurrence under certain condi* 
tions o£ large electrochemical capacitance including 
10 pseudocapacitance is well established^ fbiit. prior to, this 
invention, no significant practical devices or applica- 
tions having a high degree o€ '"kinetic reversibility" 
have been made. Recent technological advances in capac- 
itors have included aluminum electrolytic capacitors , 
15 tantalum capacitors , and ceramic among others , all o£ 
which are £ilm-type capacitors. Recent advances in bat- 
tery design have Included improvement in life, efficiency 
and energy density by making available improved lead acid. 
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nickel cadmium, nickel zinc, and various primary cells 
all o£ which are inherently over-voltage devices limited 
by electrode polarization. However, although many of the 
devices embracihg the -recent technological advances have 
5 filled a need, there continues to be arrequirement for 
efficient high power density devices iihlch withsta^ 
rigors of continuous use and virtuallylunlimitea cycling 
in electrical circuits. This invention^ such 
devices which shall be referred to henih as Supercapacitors 

10 . SttMAIttf OF^THE- iNV^^ : ■■y.'-'V'---. 

This invantton retfct«t^^to « :n6v«l|^ type ;of electro- . 5^ 
chemical device aiich ' as a^ caiMicttor cbir^^a'^'^battei^ ' and more ■■■ 
particularly ' to'' the^'praeti^al'^ 

ays tern exhibiting ' a lilgh degree o£"^^ p«eii!Socapa&i^^^ 
15 "kinetic reveraibillty," and/br "couloalbic reversibility," 
with which is sometimes associated a capacitance » among 

..." • ^ 

other characteristics, arising from the passage of charge 
that accompanies the change of potential of a suitable 
electrode* The devices of this invention Also 'permit 
20 taking' advantage of the energy storage capacity formed by 
a pair oiE spaced electrodes immersed in an ionized elec- 
trolyte (that is, double -layer capacitance and the geo- 
metric dielectric capacitance). 
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DESCRIPTION OF THE INVENTION 

The Supercapacltor is an electrochemical cell or 
combination o£ cells comprising two eiiectrodes» an elec- 
trolyte, and a container ^'thereforet^ the electrodes 

5 are composed o£ one or more o£ the following materials: 

' • " 'a ...... ' 

the oxides o£ ruthenium, tantalum, '.rhc^luarj^r iridium, 
cobalt, nickel, molybdenum, tun vanaditm, the 

sulfides o£ Iron and lead, and their metals and their 
sulfides, hydrides, nitrides, phosphides, and selenides, 
10 and mixtures thereof; and wherein tW^erectrolyte My" be 
acidic or basic or neutral, -aqui^bus or 

sulfuric^-acid or ^pbtassium^hydTOxlde /br^^?^ -SUij U 

and Whwein' a ••uit(rt>^U^^^ 

ceeding components • In addition, the; Supercapacitbr: may 
15 advantageously employ a separator. b«tWeenf the ale^ 
Ion permeable membranes, hydrophilici^lastic- films, 
nlass, paper, felt, and cellules ics are all suitable. de- 
pending on the particular application' knd device.. Current 
collector grids or meshes may be employed' in the electrode 
20 assenibly if desired. , ■ 

The Supercapacltor is an el^etrochemical cell or com- 
bination of cells characterized by 1) the formation and/or 
reactivity of an electrodeposlted layer or layers on one 
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or more electrodes » and/or by 2) the type of reaction 
occurring between electrode and electrolyte, and/or by 
3) the separation o£ charges across double layers* These 
characteristic processes occur in a potential range through- 
5 out which no continuous reaction occurs of an electrode or 
electrolyte in the system. They give riise to one orjtaore 
of a multipliclrty of phenomena including/ but not limited 
to» pseudocapacitance; •'kinetic reverifiiblity,"^ "couibnbic 
reversibility," distinguishable energy states of ei^^^^ 
10 deposited species on surfaces, creation of surface layers, 
electrochromic e f f ec ts , negative dii^mtial resistance , 
and frequency multiplying effects* 

processes are useable In^^nany ways which will be 

described in more detail hiereihafter and in the examples 

15 and description of the drawings* 

A large family of devices is conceived which employ 
these basic characteristic processes* Examples of these 
are electronic •capacitor-like devices; battery-type 
devices; passive negative differential resistance devices; 

20 passive frequency conversion devices; electrochromic de- 
vices; data processing memories; gaseous, liquid, and 
solid material separation devices and systems; and passive 
devices exhibiting constant reactance versus frequency, 
which devices may utilize one or more of the characteristics 

25 described in the previous paragraph* 
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The electrochetnical cells used for these applications 
may be produced in various forms » such as plane electrode 
cells; "jelly-roll" cells ;^^rous electrode cellsj slurry 
systems; fluidized -bed electrodes; endless belt electrodes; 
5 transparent or opaque electrodes and housinga ^ 
solid, or gaseous electxblytea;r!etc;:9^^^^ 
nature of the device* Furthefnore, in sever^^ the 
foregoing devices of this invention whiciiwtake advantage 
of the electrodeposition or reaction thkt:^occurs: a^^^ 
10 potential » I have found that the elemeiits ;p 

closed may be used as electrodes. For example, in data pro- 
cessing memory device applications, metals; such as platinum, 
gold, or iridium might be -preferred •lectxMefaatcriaili'^/^^^^ 
because they esdiibit a one-to-one rielationsldp betiteea the - 
15 metal adsorbent atoms and the liydrogen (or other) electro- 
deposited atoms, thereby allowing £or aVrnJanory density 
approaching the surface density of metal atoms in the sur- 
face (which is on the order of 10^^ per. square centimeter) • 
Also, in solid material separation devices such as in the 
20 separation of metallic lead, the lead can be electro - 
deposited from aqueous solution (lead chloride) onto a 
metallic substrate electrode, preferably gold, such electro 
deposition of lead being preferential to other ions and 
reversible with respect to voltage on this electrode, 
25 thereby permitting separation or refining of lead with the 
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DESCRIPTION OF DRAWINGS 
Figure 1 is a voltamnogram showing oxygen and hydrogen 
electroadsorption and electrodesorption on platinum sur- 
5 faces at potentials less than those required%:£or gas evolu<* 

tion. V ■" '■■'■■'^■M - " 

Figure 2 is a voltanmogram in aqueous solution o£ 

ruthenitim oxide, an electrode material preferably employed 
in this invention. [ -j^jyQyX 'l/J-^^-,. 

10 Figure 3 is a voltammogram in aqueous sblutloii of a 

mixture of ruthenium and tantalum oxides vhich is a mixed • 
metal oxide electrode material also advantageously employed 
in this invention. , r-.^i^^V'r^^"- 

Figure 4 is still another voltammogram in aqueous solu- 
15 tion of another material, molybdenum oxide » which 

is also employed in certain devices o£ this invention. 

Figure 5 is a voltammogram of tungsten oxide in 
aqueous solution. 

Figure 6 is a voltammogram of nickel oxide in aqueous 
20 solution. 

Figixre 7 is a monopolar parallel plate structure ca* 
pacitor in accordance with this invention. 

Figure 8 is a monopolar "jelly-roll" structure capac- 
iter in accordance with this invention* 
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Figure 9 is a more detailed view.6£ the baaic atruc* 
ture o£ the capacitor of this invention vhich is; a pre- 



ferred etabodiment* 



Figure 10 ia a diagrannmtic a^^ a^^^^tery of 

this invention. 



DETAILED DESCRIPTIOH OF THE^NVEHTION 
The phenonena wMchi>«re sovM in the ' . 

devices o£ this . iiiv«nitibn^^^^te^^^^^£|cer^ ; 
tions which occur iCicNBe-lslec 



10 ample of pseudbcapabitanee 6ecttra,'.itt^t^ 
lonisation of hydrogenrand oxygim^ra 

potentiala less than those rckiuired^f or g evolution* The 
voltamnograma of Figures 1 through 6 were obtained by use 
of the procedure described generally in Modem Electro* 

15 chemistry by Bockris and Reddy on page 1316 • * 

Figure 1 (not an actual voltanmogram) depicta oxygen 
electroadsorptloh (area A) ^ oscygen .electrodesorption (area 
B), hydrogen el^ctroadsotption (area C) , and hydrogen 
electrodesorption (area D)« 

20 The area between the ctirve and the x-axis represents 

the charge delivered to or accepted from the electrode 
(Q - i|dt). In this case, as the voltage is cycled, the 
electrode is alternately charged and discharged, first as 
hydrogen is electroadsorbed and electrodesorbed, then as 
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oxygen Is electroadsorbed^and electrodesorbed* The name 
given to the charge/discharge phenomenon is "pseudo- 
capacitance," since it behaves like a capacitance » but 
the storage of charge involves a Faradaic process, rather 
5 than an electrostatic one* Electrochemistry literature 
tells us that this pseudocapacitance is not a real capaci* 
tance, since it will not hold a charge, but this inven- 
tion makes use o£ it as a storage meaiisv^ (See Bockris 
and.Reddy» Hpdem Electroch««t«tyV i^'VP^ii^i627;y^ f;f-':-^^::-:^^ 
10 ' .'■'■■■:'r'f-lxi' the case referred 'to :«bove (Figure 1) » ; the. cour: / . 
lomblc charge (Q * i) dt) during electrbadaorption in the 
oxygen region is aubstantially the'liame aai' the^ couIocDbic 
discharge during electrodesorptidn.lic^^^ Bmm:''^'tB^;traB' 'for 
the hydrogen region » taken separatiely fron the oxygen and, 
15 o£ course, £or the total reaction, taken over the voltage 
range 0 to approximately 1.3 volts RHE. r This balance o£ 
coulonbic charge and coulonbic discharge shall be re- 
ferred to herein as "coulonbic reversibility." 

In Figure 1, the electroadsorption and electro- 
20 desorption of oxygen occur at different voltages, and 

their current traces are of different shapes. The electro 
adsorption and electrodesorption of hydrogen, on the other 
hand, occur at approximately the same voltage and produce 
curves that are approximate "mirror images." Figure 2 is 
25 a voltammogram of a preferred electrode material of this 
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invention, i.e., ruthenium oxide. From Figure 2 it can 
be seen that all sections o£ the curve show approximate 
"mirror images*' with respect to the voltage axis. Repre- 
sentative *\nirror images** in this context are shown in 
5 Figures 2 through 6. This *\nirror image ''/phenomenon shall 
be referred to herein as **kinetic reversibility*^ wM 
non**Vnirror image** such as the oxygen elMtroadsorp / 
desorption in Figure 1 shall be referred Ito aa **kinetic 
nonreversibility** or partial reversibility^^^^^^^ that 
10 are **kinetically reversible** ahow very^M)^- l^ck^ 

efficiency, since they return': chargie atltnel^^ame voltege / 
at which they receive it* ^m'taoiht^^ 

nonreversible** are less efficient t since jiihe charged 
at a different voltage than that at which they are^ die- 
15 charged. 

Referring again to Figure 1» in the hydrogen region 
we see three current peaks between the voltages of 0.4 
and 0.0 RHE^ corresponding » it is believed, to the electro 
adsorption and electrodesorption of hydrogen at (probably) 
20 different sites on the platinum surface. We also see less 
well-defined peaks in the oxygen region where it is be- 
lieved that oxygen is similarly adsorbed and desorbed. 
Coincident with these reactions is observed a change of 
entropy and a heat of adsorption or desorption of the 
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hydrogen and oxygen and of other species which may occupy 
the slte» such as organic Impurities or water molecules. 
Thus there are In these reactions distinguishable energy 
states o£ various electrodeposlted species on the sur* 
5 faces of the substrAt^s, 

Further to analyses relating to Figure 1, It is now 
believed that the electrosorptlon of hydrogen on platinum 
produces a surface monolayer of hydrogen^ while the electro- 
sorptlon of oxygen can produce multiple surface layers of 
10 oxygen or oxide* 

In the creation of some surf ace layer s »; such as oxides 
on ruthenium 9 under the proper conditions » we observe a 
change^Jin the optlcalTappearance or refliectl^ 
aurrace* 

15 Referring once more to Figure 1, we observe that» for 

example, the portion of the hydrogen deaorptlon curve at 
about 0.35 volts RHE shows a reduction of current with an 
increase in voltage. This represents a negative differen- 
tial resistance characteristic which occurs in the systems 

20 of this invention. Also, the area at 0.0 to 0.4 volts RHE 
shows three cycles of current for one-half cycle of voltage, 
which frequency-multiplying characteristic occurs in the 
systems of this invention. 

The unique characteristics exhibited in the systems 

25 of this invention, including "kinetic reversibility," 
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-'coulombic reversibility/* distlnguisheble energy states 
of electrodepo8ltion» creation of surface areas, electro- 
chromic effects, negative differential resistance, and 
frequency multiplying effects are employed : in Ithe electrics 
energy devices -referred' to^Here^^ 

In birder ' lEor • this invention to^ btf meire^^^rn under ^ ^ 
stood and to describe the be ^^^^^^'/^^^^^ 

employed In each of the; eonpohents, thlsn^lnvinitidntWllI.-^^ 
now be detailed using a capacitor^ a8^anj^examplerrl»wever,:: 
this is not to be construed as viioitin^^ 



THE ■EI^CTIU)1IE :: 



The electrodes of thlsrinventloh, thciiri<M^ 
preparation , and assenibly A^tnplS^^ of 
this invention are cr it icaT^ to "obtaining Chr^^ 
foxmance in electrical and physical • characteristics of the 
devices to be exemplified hereinafter, iyhave found that 
in order to maximise the reduction in sise, including 
volume and weight ratios, to the energy storage capacity 
and to optimize the combined effects of pseudocapacitance, 
double-layer capacitance and **kinetic reversibility,*' it 
is desirable to employ an electrode material having a 
voltammogram of substantially symmetrical current traces 
in the oxidation and reduction cycles. Materials that may 
advantageously be employed are ruthenium oxides and 
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mixtures o£ ruthenium with tantalum and/or iridium , pre- 
ferably a 50-50 mole percent RuTaO^. or^ such a mixture 

with amounts o£ iridium such I^^;5^^0;25^^0.25^x* 
Other electrode materials such as previa 
5 may be employed, it being preferabledthat their volt ammo- 
grams show substantial lliinetic reversibility" 



that shotm in ■PiguriB«|^2i:l:3V;AV':5,--;br;f^^^^^ 

When employing ruthralum as r.thc^electrode material. 



the ruthenium content may be varied] over wide ranges as 

10 shown when mixed with» £or example t^tantalumiy or iridium* 



'/Z . Sir*' 



The following data in Table I illustriaites a measured var- 

iation in capacitance pier unit geomistric area against mole 
percent o£ ruthenium iti the electrode material when mixed 



with tantalum • 



Capacitance Versus Composition 
Mole X RuOg in Ta^Os ^ Capacitance (F/cm^) 



20 



20 


.. ■■ ,O.0A5 


25 


•-0.1 


AO 


2.0 


50 


2.8 


60 


1.6 


75 


0.8 



The porosity o£ the electrode is another factor that 
25 contributes to optimization o£ results £or devices o£ this 
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Invetitlon* In general, porosity is desixable in order to 
maximize the energy storage density, or capacitance per 
unit volume. However, proper control o£ the porosity will 
also allow control of the internal resistance and of the 
reaction rate (by controlling the access time of the elec- 
trolyte to the electrode), thus providing a measure of 
control over; the capacitance versus frequmcy characte 
istic. This can be controlled- to the extent of providing 

capacitance which varies inversely with frequency, thus 

.r V ■ • j/^* \^''-:.^-'^'^^-:-iv vi^: i-i-- ■:.•;* " 
allowing production of a constant reactance 

tioned hereinbefore* ' ' "-^r^yS^^T^f 

The thickness of the oxide coatinyg is; still another 

factor that affects the performance and chiarMteristics 

of the Supercapacitors of this invention* Generally, the 

capacitance varies with the thickness of tlw ruthenium 

oxide coating so that by varying tiie thickness of the 

coating, the capacitance per unit area may be controlled* 

Using the thermal oxidation technique (see H* B* Beer, 

South African Patent 662*667 (1966) and 680*034 (1968)) 

a thick and uniform ruthenium oxide formation was obtained* 

This coating was tenacious and further did not exhibit any 

flaking or other undesirable characteristics* 

In addition, I have found that the purity of the 

metals or metal compounds used in the preparation of the 

electrodes can have a significant effect on the performance 
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o£ the device. For example, it is obvious that the wrong 
type of metallic impurity in a capacitor or other device 
using a metal electrode would produce a galvanic corrosive 
tiuLlon which would deteriorate the electrode and probably 
increase the leakage current o£ the dieyice. In general, 
I prefer a purity of 99 "percent or better',}; but certain 
systems can tolerate high pext:entage8 of linpurit 
out detrimental effect. In^ some case^^^^ can 
even be beneficial, as 'in the case of» e.g., twatalum oxide 



10 addi tion to ruthenium oicLd e (see table, 1) w v Int^tils : ease , 



addition of 50 percent tantalum oadLdi^^ ^V^r 
ific capacitance -of the- device. - 

Various processes 'and techniques^iaiiy be employed in^ 

' ■■ ■ ■■■■■■ y- 

the preparation of the electrode. Among those methods 

L5 which I have found satisfactory are: thermal preparation 
of the selected material, e.g., ruthenium-tantalum mixed 
oxides; electrochemically generated ruthenium oxide; and 
pressed pellet electrode preparation, including the use 
o£ binders, e.g., teflon powder, if desired. Other 

20 methods of preparing a ruthenium oxide electrode may be 
employed, for example, precursor or impregnation tech- 
niques. In the examples which follow, specific details 
will be given concerning the preparation of electrodes in 
connection with the data obtained in specific experiments 

25 and with preferred embodiments of this invention. 



ma K 
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THE ELECTROLYTES 
The electrolytes which may be used in the Supercapac- 
itor of this invention may be acidic^ alkaline » or neutral » 
aqueous or nonaqueous* I have used * successfully, elec- 
5 trolytes varying in pH from (-) 1 to (+) 14, taking into 
account, of course, the chemical stability of the elec- 
trode in the electrolyte* pH affects] the specific capac- 

- .-.v ■ ;. - V-^v-;;:-^^-.?*,,- ..... 

itance of the device, With: the amount rvazy vith the 
electrode and with the ^electrolyteV^; of electro-* 

10 lytes employed are: NaOH, R2SO4, KOH» HCi; NaClO^, Na2S04, 
and K2S04* Solid or gaseous electrolyter^ course, 
also be used provided the active ions ^are compatible with 
the electrode adsorption or reaction process* 

» 

THE CONrAINER AND ASSEMBLY OF THE SUPERCAPACITOR 
15 Figure 7 illustrates one of many possible configure** 

tions of a monopolar type of capacitor that can be made 
using concepts described in this invention* Electrodes, 



of various sices and shapes, may be used, having been 
previously coated with active materials such as ruthenium 



20 oxide* These electrodes are provided with conductive tabs 
for current conduction to and from the electrodes* The 
electrodes are then stacked, alternating electrode (1) 
which may be positive and electrode (2) which is negative 
and using a suitable separator (3) to prevent shorting of 
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electrodes (1) and (2). The lead tabs (4) are brought out- 
side the casing (5) through a suitable hole (6) in the end 
cap (7), and tabs (4) from the multiple eleietrodes (1) and 
(2) may be gathered together by welding^; After insertion 
5 of the electrolyte (8)» the assembly may; ^then be fdratniv^ 
lightly together by use of a turhbuckle*type o£ casing (5) 
and recesses (10) • Electrolyte leakageTtMyibe pre^nted 
by the use o£ a suitable sealant (9) V -Tfilsl^^a^ ; 
be hooked up in a plurality o£ units to a capacitor. 

10 o£ any given capacity. 



Figure 8 represents another posslble^conflguratlon o£ ^ 

_::-'-^'- --rr^^^;t:^:. ' . ) ' " ' ■•' • 
a monopolar type of capacitor » popularly: termed a ; "jelly- 

roll" type . Here two ele ctrodes (1) andr U)t coated with 
an app ropriate active material such as ruthenium oxide (not 
15 shown) arjRjprevented £rom shorting by I nterleaving a suit* 



able separator (3), and are rolled up In "jelly-roll" 
fashion as shown. Tabs (4) are extended from each of the 
electrodes through the casing (5) » and after Insertion of 
a suitable electrolyte (8) , the holes (6) are plugged with 

20 a suitable sealant (9). 

The Supercapacltors of this Invention have much larger 
capacitance per unit volume than aluminum electrolytic 
capacitors. For example » an experimental capacitor pro- 
duced in accordance vlth this invention and of the design 

25 shown in Figure 9 of 6 volts and 10,000 ufd was 1/10 the 



•1 
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physical size of a standard conmercial aluminum electrolyte 
capacitor of the same voltage and capacitance. Another 
model of the same design yielded 1/30 the physical size of 
the commercial capacitor* To achieve the high energy 
5 density capacitor (small volume and dight weight) it is 

preferable to optimize not only the electrode material, the 
electrolyte, and the separators, wheti used, but also the 
physical configuration, stacking, end terminals, and the 
container or case, thereby permitting: Improvement in . 
10 ■ physical -size. 

' o!:F^^irea 7 , 8 , and:19 ill^sitrat configurations 
for cafMftcitors of * this in Supercapacltdr 



shown in Figure 9, ^iM velMtrodes^^^ (i)^and 

thick [substrate titanium coated wltK^^^^gtj^an^^^^ spacer - 



15 gaskets (11) are 15 mil* thick Vlton* This is pressure 



sealed, preventing electrolyte leakage and shunt current 
losses,. The case sealant (9) is electrolyte resistant 
compound such as epoxy resin coated over the assembled 
stack. The case cylinder (5) may be a plastic such as 

20 Kovar, polyethylene, or polypropylene* The end caps (7) 
are copper and the wires are spot welded to the two end 
electrodes (1) and (2)« 

The assembly procedure comprises stacking (a) the 
oxide coated electrodes which are oxide free on their 

25 edges so that they will seal when assembled, (b) the end 



47164 r 
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electrodes vhlch are oxide coated on one side and vhich 
have their lead wires spot welded » and (c) the Viton gas- 
kets* The stack so formed is inmersed in.; the electrolyte 
under vacuum. The stack is removed from the electrolyte: 
5 pressure sealed. The stack is then: coated with insulator 
compound such as epoxy resin by forcing ^^^t^^ 
the opening (13) and out' tiuxMigh the 

The concept of this invention may ;be employed for 
example 9 in batteries for use in powering ^paceooakers for 
10 implantation in humans where regulation of heartbeat is 

required. Since this battery is electrically rechargeable 
it would be recharged by inductance from outside the body, 
thus permitting recharging without rembvai from the body. 
(Present batteries for this use are not rechargeable elec- 
15 trically and must be replaced about every five to seven l 
years by a surgical process.) Further, this recharging 
would be done at periods shorter than the above-mentioned 
five to seven years , allowing much smaller batteries to 
be used. Further, with batteries of this invention, ex- 
20 tremely long life and a very great number of cycles can 
be realized, thus eliminating the need for any further 
surgery, once the initial implantation is accoiq>lished. 
This battery is particularly well suited to this applica- 
tion because of its small size, its long cycle life, and 
25 its rechargeability. 
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In another application* this battery would be used 
£or utility load-leveliing by charging a great number o£ 
cells (connected in a suitable series •parallel arrangement) 
at night over, say* a ten-hour period when ;the load demand 
5 in a utility power-generation station is low. These bat- 
teries %iould then be discharged at the'^peak load* demand 
hours o£ the day, thus allowing a relatively constant i 
power -generation level to be used by the utility. Other 
advantages also derive £rom this practiced and are well- : 

10 known to those acquainted with loaid-leveliihg technology. 
This battery is particularly well-suited io this technology 
because o£ its high charge-to*di8charge^^e££iciency and its 
very long cycle li£e« . ' 

Fip:ure 10 illustrates a typical one*cell battery p£ 

15 this invention* Electrodes (1) and (2) are» in this case» 
porous slugs o£ ruthenium oxide powder, prevented £rom 
shorting one to the other by a suitable separator, and 
enclosed in a casing (in this case made o£ an insulating 
material, although the electrode and leads could easily 

20 be insulated £rom the casing i£ the casing were made o£ 
metal or other conductive material). Either electrode can 
be considered as the positive electrode with this design, 
and the battery can be charged alternately in one polarity 
and then in the opposite polarity without damage. 
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A list of characteristics o£ the battery of this 
invention is given below: 



1, A very high round trip (charge-discharge) 



efficiency^:'-' ' 

2. Very long life ^; 

3. Very great cycle life 
A, High power density 

5* Very high charge and discharge rates 

6. Capacity substantially invariant with high dis- 



■. charge rates. ' . . ^W^-"^-:-^ -^^^''-^^ 

^ ::7. Shallow an^ deep discharge "capability without . 

9.' Electrically rechargeable (secondary type) 
10 • Simple construction » black box type 

Table II gives the performance characteristics of 
Supercapacitors made as described. above # The following 
examples are given to further illustrate this invention; 
however, they are not intended to limit the scope thereof 



Best Available Copy 



-21- 



TABLE II 



Device Type 

Electrode 
5 a. Form ;^ 

h. Composition 

Electrolyte 

Polarity 

Volume 
10 Capacitance 

Tolerance 

Voltage 

ESR 

Assembly 
15 a. 
b. 



Example I 
Capacitor 

Thermally £ormed . 
TaRuO^ 

3.5 M H2S()4 
Bipolar /Nonpolar 

5.6 cn^ 
10,000 ufd 
+ lOX 

6 V ■ ■ • 

' ^ -^^^^-^'"'^ 

See Figure -^9 . \: 
10 mil. gaskets 
1 ail. Ti substrates 
Screw assembly 
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Example II 
Capacitor 

Pellet; J"' 
R»i02.^-:\;^:-:. 
3.5;k^H2S04 ' 
Single Cell/Nonpolar 
; 0 . 5:^ an-*- (appr .) ^ ^ 

■:l:V^WI::- V 

See 'Figure 10 
Sepiarator 



20 



Figure 9 shows a 3 volt capacitor of similar 
construction. 

THE ELECTRICAL AND OPERATING CHARACTERISTICS 
OF DEVICES OF THIS IWVEWriON 

The electrical characteristics of the rechargeable 
electrochemical cells of this invention are more readily 
understood by reference to the drawings in Figures 2 
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through 6 which show voltaimnograms of various electrode/ 
electrolyte combinations or systems embraced within this 
invention. Once the device has been charged by applying 
a voltage to its terminals and the device is disconnected 
5 from its voltage source, no current will be flowing and 
the voltage of the positive electrode will be at the high 
voltage end of the curve as shown in Figure "2 (point A). 
When applying an electrical load across thetterminals. 
current flows and traces the path of the curve in the 

10 lower section below the horizontal axis along the path 

A, B, C, D, until the electrode is fully discharged which f 
is shown' at point D. -.r--^^^? ^' 

When charging the device, the current for the' positive 
electrode traces the curve in the upper section above the 

15 axis along the path D, E, F, A. The other electrode has 
substantially the same electrical characteristics, which 
can be depicted in a similar manner, except that the 
current flow is the opposite, that is, discharging along 
path G, H, E, D and charging along path D, C, J, G. Thus 

20 the devices of this invention possess the unique feature 
of maximizing the use of "kinetic reversibility." This 
is also shown by Figure 2 because the amount of current 
flowing during charge of the device is substantially the 
same, but of opposite sign, as the current flowing during 

25 discharge of the device at the same potential. This is 
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especially true for those systems having curves the 
charge/discharge cycle which have the foras ''of closed 
"mirror Images," The Ideal system for ainpeflectrOT 
itor is depicted as the broken line rectangle or ^^F^ 
for the electrode/electrbliytc^ system describeiJi' ' , 



readily be seen that the a'ctual^'oirv 
the ideal. ' :'■ ' ' '^'y. ':- r '-^^-^f^^}^ 

The devices of this invention which^^ipioy '^t^ 
reversibility," have the ^ add it loM 

capacitance of an electronic ' capacitor (br^^ of 
a battery) can be controlled by the electrical or phbtoa^ 
bias (e «g* • D.C# working voltage Icvei^ -d^^ 
device. PbrJ eaeaaple , In referring to ;Flgte<^ 
taneous capacitance dependii^on^Tthiai 'height of >f 
above the x -axis at the instantaneous voltage . Since this 
height varies with the position along the x-axis/^i^ : 
be seen that the capacitance can be controlled by operating 
the device at a higher or lover voltagis.^ This voltage level 
can be effected by the use of any of a nunber of features 
such as multiple electrodes or electrodes of different effec 
tive reactivity (for example, different volumes or surface 
areas). 

The electrochemical reactions that take place in the 
metals from the materials of this invention are not fully 
known, however, some of the electrode materials known to 
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be capable of existing in a plurality of oxidation states 
such as the oxides of ruthenium^ tungsten^ molybdenum, and 
cobalt are among those which are preferred for capacitor 
devices. It is important in operating the devices of this 
5 invention not to apply a voltage across its terminals that 
causes continuous reaction oiE' the electrolyte c^d to. keep - ; 
it below the range where there is any significant amount 
of evolution of oxygen or hydrogen at the electrodes or \ 
dissolution of the electrodes , themselves. 
10 Although my invention has bieen describisd ; with m 

to specific examples, illustrations, anid;^ certain p^^ 
embodiments thereof, I do not intend that ii^^^^^^i^ . 
should be thereby construed as being llfflited ^i^^^ 
as expressly defined in the appended claims, ^f^^l 
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I CLAIM ; 

Claim 1 

An electrical energy storage device which is a recharge- 
able electrochemical cell or plurality o£ cells comprising at 

least two electrodes » an electrolyte » and a container there-* : 

• ■ ■ . r * - • . ■ " ■ 

£ore wherein at least one electrode is characterised by having 

as its active electrochemical material a metal; or a compound 

o£ such metal or mixture thereof.^ having a vbltammogram whose 

charge /discharge curve trace sections are In substantially 

*Snirror image*' £orm when used in the presence o£ the electrolyt 

Claim 2 

An electrical energy storage device in accordance with 
Claim 1 wherein both electrodes are characterised by having 
their active electrochemical materials composed o£ the same 
substance. - 

Claim 3 

An electrical energy storage device in accordance with 
Claim 1 wherein the active electrochemical material is com- 
posed o£ an oxide or a mixture o£ oxides o£ the same or o£ 
di££erent metals. 

Claim 4 

An electrical energy storage device in accordance with 
Claim 3 wherein the oxide is o£ ruthenium. 
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Claim S 

An electrical energy storage device In accordance with 
Claim 3 wherein the oxide Is a mixture of ruthenltim and tantalum. 

-"/ Claim 6 : 

An electrical energy storage device Irt accordance with 
Claim 3 wherein the oxide is of molybdenimi^ ^ ; 

- fJ^ devlcelih accordance 'wltlf ' 

Claim 




,. ......... - :-,-^'-^v:y<I;-r: Claia ' 8' 

An olectrlcal energy: storage; devicevin acbo with 
Claim 1 wherein the active elMtr6chemilal^:8u^ 



Claim 9 ■^sM:.^^'^-',.: . 
An electrical energy storage device; in accordance with 
Claim 8 wherein the metal. is;iridium.'''--f:^^ 

ClalB 10 

An electrical energy storage device in accordance with 
Claim 1 wherein the electrolyte is a liquid. . 



Claim 11 

An electrical energy storage device in accordance with 
Claim 1 wherein the electrolyte Is a solid. 
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Claim 12 

An electrical energy storage device in accordance with 

Claim 10 wherein the liquid is an aqueous inorganic acid. 

' . "' ■ :'' ■■ ' ■ :•■ ■•'*-''£:-.<vfc''i...--,- .■..I ; ! . 

Claim n .-^^-:^:^::- .■ 



An electrical energ^r stoxage devlcejl^in accordance with 
Claim 12 vherein the aqueoi^^^^ sulfuric acid. 



' ■ . ■■. Claim 14 11^ 

An electrical energy storage device -in accordance with 
Claim 10 wherein the liquid is an aqueous base. 

' Claim 15 - \ 

An electrical energy, storage device - in accoi^ance with 
Claim 14 wherein the aiqiieous base is caustic soda. ; J 



■V^"^-^-^- --■ ^ - - Claim 16 V" ' " ' 

An electrical energy storage device in accordance with 
Claim 10 wherein the liquid is an aqueous neutral salt. 

Claim 17 

An electrical energy storage device in accordance with 
Claim 16 wherein the aqueous neutral -salt is sodium sulfate. 

Claim 18 

A battery in accordance with Claim 1. 



Claim 19 

A capacitor in accordance with Claim 1. 

4716iK' 
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Claim 20 

An electrical enerf^ storage device in accordance with 
Claim 1 wherein the voltammogram has a "mirror image" charge/ 
discharge trace of substantially varying height at different 
voltages. 

The procciss for storing^elect^^^^^ 



chemical dievice comprising positive a^ negative electrodes ,C| 
electrolyte* :and a container 'therefore wheriein at least one. : > 
of the electrodes is compbsf^d of a matisrialfsel^^ 
group consisting of the oxi<ie8Vof ruthenlwi^ 



- -., />A^'>?^^-';-:<;^^^:;''T^^ 

cobalt » iridium, nolybidemm^" nickelv: va^ui^^ 

their metals, sulfides , hydrides vinitr^^^^^ 

ides, the sulfides of iron iml'lMd, 'a^^^^ 



said materials having a voltammogram. whose^chiurge/discharge 



curve trace sections are Ia 8xd>8tan^ imase*' form 

Which comprises: . 'T*"^"-' Z ' [ - 

!• charging the device by introducing an electrical cur* 
rent through the electrodes » 

2« maintaining the potential on the device below the con- 
tinuous reaction voltage of the system employed » until the 
desired charge is obtained » , 

3« discharging the stored electrical energy in the system 
designed for the desired application or use of the electricity* 
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Claim 22 

The process of Claim 21 comprising repeating the charge 
cycle after discharge In order to recharge the device for its 
continuous or subsequent; use ' '^•■"C ■• 



Claim 23 v. : 



The process o£ Claim 21 'therein th^^^^^ exhibit 



pseudocapacitive characteristics • ; • 



^ :::::^e^:^ Clain;- 24 j^F^afQ.^ ' ■• - - • 
Claim 21^wherelA~fcKe^v61taiDnosram has a 



The process of Claim 21jivherein^thi^b^lt 
**mirxDr image" charge/discharge trace: of rsubstantially varying 
height at different voltages; and wherein ^tHe device is operated 
at diffctrent voltage levels : to controls the ' electric energy 
storage capacity. . 



Claim 25 , / 



An electrical energy device which is a rechargeable electro* 
chemical : cell or plurality of cells eonprising at least two 
electrodes, an electrolyte, and a container therefore wherein 
at least one electrode can be characterized by having as its 
active electrochemical material a metal, a metal, compound, or a 
mixture of metals, and/or compounds which, in combination with 
the electrolyte, exhibits one or more of the characteristics 
of pseudocapacitance, "kinetic reversibility," or "coulombic 
reversibility." 
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Claim 26 

An electrical energy clevice In accordance with CUIid 25 
vherein at least one electrode. In combination with a suitable 
electrolyte, can be characterised by having; a eooiblnatlon of 
pseudocapacitance and "kinetic reversibility.* 



fi 



• '■•''^ Claim 27 ' -^'v^:' -- ' 
An electrical energy device in accordance with Claim 25 
wherein at least one electrode , . in combination with a suitable 



electrolyte , can be characterized by haviA^.I coi^inatlon o£ 
pseudocapacitance and Vecmlonbib xevers^ S ^'-^i'^J:- 
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